Introduction {#Sec1}
============

Overweight and obesity are among the greatest health problems facing the world today, because of its comorbidities \[[@CR1]--[@CR4]\] and the rise in associated healthcare costs \[[@CR5]\]. Among different weight loss strategies currently available \[[@CR6], [@CR7]\], bariatric surgery emerged as the most effective, and ileal transposition (IT) is one of these surgeries \[[@CR8], [@CR9]\]. IT was first described by Koopmans et al. \[[@CR8], [@CR10]\] and is a procedure in which a lower part of the ileum is surgically transposed just below the common bile and pancreatic duct, which then presumably causes earlier- and over-stimulation of hormone-producing enteroendocrine cells \[[@CR9], [@CR11]\] of the transposed segment. IT is therefore an ideal non-restrictive model without malabsorption \[[@CR12]\] to explore hindgut effects of bariatric procedures in inducing weight loss.

Chen et al. \[[@CR12]\] showed that rats undergoing IT had a decreased preference for fat \[[@CR12]\]. Advanced nutrient exposure to the transposed ileal segment could play a role in this phenomenon \[[@CR13], [@CR14]\]. Because of this finding, it would be expected that weight loss following IT would be relatively high in rats subjected to a high-fat diet. On the other hand, a high-protein diet has been shown to be more satiating than a high-fat or high-carbohydrate diet in both humans \[[@CR15], [@CR16]\] and rodents \[[@CR17], [@CR18]\], and enhances weight and fat loss \[[@CR19]--[@CR21]\]. Proteins \[[@CR22]\] and, probably more potently, lipids \[[@CR23]--[@CR25]\] could strongly induce the ileal brake mechanism to provide optimal absorption of nutrients, and may induce satiety. Given these presumed effects of macronutrients on energy balance regulation and gut physiology, we investigated the effect of diet, either enriched in fat, carbohydrates, or protein in a rat model of IT surgery, on post-surgery weight change, energy intake, and energy efficiency, as well as on circulating gut hormone levels.

Methods {#Sec2}
=======

Fifty-four male Lewis rats (mean weight 310 g) were housed individually in plastic cylindrical cages (diameter 33 cm, height 50 cm) with rat chow (Labdiet®, PROLAB RMH2500 Rodent diet, PMI Nutrition International, LLC, MO, USA) and water ad libitum under artificial lighting (6 a.m.--6 p.m.) at room temperature. This study was performed in male rats because of potential complicating effects of estrus cyclicity in female rats on energy balance regulation, which would require a more complex study design.

After 6 days of acclimatization, rats were separated into three weight-matched groups and were maintained on high-fat (HF, *n* = 18), high-carbohydrate (HC, *n* = 18), and high-protein (HP, *n* = 18) liquid diets, which they could freely ingest daily between 4 p.m. (i.e., 2 h before lights off) and 9 a.m. (i.e., 3 h after lights on) the next day. Diet jars were weighed at the beginning and at the end of feeding intervals, allowing assessment of daily energy intake (EI). Rats were weighed daily at 3.30 p.m., before diet presentation. After 8 days on the diets, rats were matched for body weight and body weight gain and divided into two surgical groups: ileal transposition (IT+, *n* = 9 per diet group) and control surgery (IT−, *n* = 9 per diet group). All applicable institutional and/or national guidelines for the care and use of animals were followed.

Diets {#Sec3}
-----

Diets consisted of mixtures of Ensure Plus (Abbott Canada Saint-Laurent, Québec, Canada), Resource Beneprotein powder (Novartis Medical Nutrition, USA), 3) Intralipid 20% (Fresenius Kabi Clayton L.P., Clayton, NC) and Maltlevol liquid vitamin mix (Carter-Horner Corp Mississauga ON, Canada), and water (Table [1](#Tab1){ref-type="table"}). This yielded three isocaloric diets of 4.184 kJ/g, with fat/carbohydrate/protein energy percentages of resp. 50/25/25 (HF diet), 25/50/25 (HC diet), or 25/25/50 (HP diet).Table 1Ingredients of high-fat (HF), high-carbohydrate (HC), and high-protein (HP) diets per kilogramMass (g)Fat (kJ)Carbohydrate (kJ)Protein (kJ)Sum (kJ)HF diet  Ensure Plus302.0547.11066.6278.01891.6  Beneprotein53.1761.9761.9  Maltevol8.0  Intralipid (20%)182.21530.61530.6  Water454.7  Energy (kJ)2077.61066.61039.94184.1  Energy (%)502525HC diet  Ensure Plus587.61064.32074.9540.93680.0  Beneprotein35.1504.0504.0  Maltevol7.8  Intralipid (20%)  Water369.5  Energy (kJ)1064.32074.91044.84184.0  Energy (%)255025HP diet  Ensure Plus296.3536.81046.5272.81856.0  Beneprotein128.21839.01839.0  Maltevol9.4  Intralipid (20%)58.2489.1489.1  Water507.8  Energy (kJ)1025.91046.52111.84184.1  Energy%252550

Ileal Transposition {#Sec4}
-------------------

After overnight fast, rats were anesthetized with ether, and the skin and muscle layer of the belly were cut at the midline exposing the abdomen. The small intestine was then transected at the level of (1) the duodenum 1 to 2 cm below the common bile and pancreatic duct, (2) the ileum at 10 cm from the ileocecal valve, and (3) the ileum 10 cm above this transection, creating an isolated 10-cm ileal segment. For the ileal transposition surgery, the 10-cm ileal segment was connected (using 6--0 Ethicon silk sutures) to the transected ends of the duodenum in the original direction of flow keeping its mesenteric blood supply and extrinsic innervation intact. The remaining ends of the ileum were sutured together, resulting in a gastrointestinal tract which had its original length without any excluded parts. For the control surgery, all transections were re-anastomosed in their original order, returning the intestine to its continuity. After surgery, rats returned to their home cages with a heating pillow underneath it, and they received Gentamicin (i.p. 37 μl/100 g body weight, 40 mg/ml, Sabex Inc. Boucherville QC) and butorphanol tartrate; i.p. 0.2 mg/100 g body weight, 10 mg/ml, Wyeth Canada Guelph, ON). Rats did not have access to any diet for 24 h after surgery, but water was freely available.

Blood Sampling {#Sec5}
--------------

About 5 weeks after IT+ or IT−, an indwelling catheter (Silastic tubing 0.025 i.d. × 0.047 o.d., Dow Corning Corp., Midland MI) with a Marlex mesh (Prolene Mesh, Ethicon) anchor located in the middle of the tube was inserted under ether anesthesia into the jugular vein. The other end of the tube was tunneled under the skin to the back of the neck. Between sampling, catheters were filled with a mixture of 8 g of polyvinylpyrrolidine (BDH Chemicals Ltd., Poole, UK), 10 ml of heparin (1000 units/ml), and 5 mg Enrofloxacin (Baytril, Bayer Inc., Etobicoke, ON) and gentamicin (37 μl/100 g body weight, 40 mg/ml) and sealed with a stainless steel wire hook. They were reopened on the third day after surgery and 3.6 ml blood was withdrawn (collected with 1.5 mg/ml EDTA) and centrifuged and plasma was stored at 4 °C in sterile vials.

A total of five samples were taken per animal at time points − 10 min (before feeding), and 15, 30, 60 min, and 17 h after feeding had started. There were two criteria for blood sampling: (1) When rats had ingested 5-ml meal within 4 min, which was determined from the animals' short-term food intake during the first 33 days of the study; (2) the 17-h samples were taken, when the rats had eaten approximately the same amount of food as they did during the period between the 24th and 30th day of the study. Two blood samples of 1.8 ml were taken on the fourth day after reopening of the catheters and collected into syringes containing 0.08 ml (50 Kallikrein Inactivating Units \[KIU\]/ml) aprotonin (Trasylol proteinase inhibitor, Bayer, Germany) and 1.5 mg/ml EDTA. In between collection of samples, an equivalent amount of the rat's own warmed serum was re-infused to replace drawn blood. After the two blood samples, the rats had food and water freely available for the rest of the night. The second pair of blood samples was withdrawn after a day without blood sampling and the final blood sample was collected after sacrifice. All blood samples were immediately transferred into plastic tubes and centrifuged, and plasma was stored at − 20 °C until analysis.

Hormone Assays {#Sec6}
--------------

Plasma samples were extracted individually on C-18, reverse phase Sep-Pak cartridges (Waters, Inc., Milford, MA), using multichannel syringe ram pumps (Harvard Instruments, Cambridge, MA). After washing, cartridges were eluted with 3 ml of 50% acetonitrile with 0.1% trifluoroacetic acid. Eluates were lyophilized and reconstituted in buffer consisting of 60 mM phosphate pH 7.4 with 0.1% Triton-X 100 and 0.1% bovine albumin. Extraction recovery was determined in each assay by adding 0, 5, or 20 fmol peptide/ml to 10 pooled rat plasma samples before extraction. Plasma hormone concentrations were measured simultaneously and using a previously standardized and established radioimmunoassays, specific and sensitive to rat gastrointestinal hormones such as peptide YY (PYY) \[[@CR26]\], glucagon-like peptide 1-amide (GLP-1) \[[@CR27]\], glucose-dependent insulinotropic polypeptide (GIP) \[[@CR28]\], neurotensin (NT) \[[@CR29]\], and insulin \[[@CR30]\]. Labeled peptides were produced by conventional chloramine T oxidation. Mono-iodinated peptides were purified using high-resolution, reverse phase high-pressure liquid chromatography. Antisera were added at a dilution which binds approximately 50% of the 1--1.5 fmol of labeled peptide in the absence of non-labeled peptide. Assays were incubated for 7 days under equilibrium conditions. Free from bound hormone was separated by precipitation of the latter by addition of polyethylene glycol to give a final concentration of 12% PEG (mol wt 6000) and addition of 1 mg/tube of crude gamma-globulin to make a visible precipitate. Supernatants were removed using a vacuum line, and samples were counted on a 10-well auto gamma counter (model 1277, LKB/Pharmacia Inc., Chicago, IL) with data reduction accomplished by RIACALC software.

Energy Efficiency Calculation {#Sec7}
-----------------------------

Energy efficiency is the ability of the rat to efficiently use the energy intake for the use of body (weight) gain over a period of time. We calculated energy efficiency by using the following equation \[[@CR31]\]:$$\documentclass[12pt]{minimal}
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Body Composition Analysis {#Sec8}
-------------------------

Rats were euthanized by decapitation under ether anesthesia between days 49 and 52 after surgery. The liver and kidneys were separated and weighed. Adipose tissue pads were dissected and weighed substantiating visceral and subcutaneous depots. The gastrointestinal tract (GI) was removed and weighed with content. The GI was divided in stomach, (upper and lower) duodenum, transposed segment and last 10 cm of ileum, total small intestine, cecum, and colon with content were weighed. The gastrocnemius muscle was dissected and weighed as a representative of lean muscle tissue.

Statistical Analysis {#Sec9}
--------------------

For the body weight data, differences from baseline were calculated following surgery. Data on food intake, body weight, energy efficiency, hormone responses, and carcass analysis were analyzed with univariate ANOVA and Tukey's pairwise multiple comparison with diet (HF, HC, HP) and surgery (IT−, IT+) as factors. The hormone data were presented as baseline (semi-fasted), as post-meal (0--60 min) incremental area under the curve (AUC), and as post-ingestive levels (i.e., 17 h after start of the blood sampling). The meal-induced gut hormone responses are shown in the Appendix (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}). Linear regression was performed to assess potential relations between surgery, diet, energy intake, body weight changes, and gut hormone levels. Data is presented as mean ± se and *p* values less than 0.05 were considered significant. Two IT− rats (HP and HC) and one IT+ rat (HF) were euthanized shortly after surgery because of poor recovery (leakage of the anastomosis), and one additional rat could not be used for the blood sampling, because of a clogged catheter (HC IT−). In two additional rats (one HC IT+, and one HP IT−), we did not have records of intake during the period of blood sampling.

Results {#Sec10}
=======

Body Weight {#Sec11}
-----------

Before surgery, 7-day weight gain differed between-diet groups (*F*~1,45~ = 9.74, *p* \< 0.001), with HF feeding rats gaining most (33.4 ± 1.9 g) relative to HC feeding (30.8 ± 2.1 g) and HP feeding rats (22.6 ± 1.7 g). Following surgery, all groups lost weight immediately, with ileal transposition (IT+) rats losing more weight than sham-operated rats (IT−, *F*~1,45~ = 19.40, *p* = 0.004; i.e., assessed on the day of the lowest body weight following surgery). Then, rats started to gain weight again over the shown 30-day post-operative period (Fig. [1a](#Fig1){ref-type="fig"}), with IT+ rats gaining significantly less weight than IT− rats (*F*~1,45~ = 28.698, *p* \< 0.001) on post-surgical day 30 relative to day 0. Additionally, diet affected weight gain after IT (*F*~2,45~ = 3.362, *p* \< 0.05), with HC rats having higher body weights than HF and HP rats on post-surgical day 30.Fig. 1Effects of ileal transposition (IT+) and control surgery (IT−) in rats on a high-fat (HF; resp. *n* = 9, *n* = 8), high-carbohydrate (HC; resp. *n* = 9, *n* = 8), or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on body weight (**a**), energy intake (**b**), post-surgery time (days) until rats started to gain weight again (**c**), and post-surgery total weight loss until rats started to gain weight again (**d**). For visibility, levels of body weight and energy intake in graphs **a** and **b** are averaged per 2 days. Levels of significance are only shown for figures **c** and **d**, with \* indicating *p* \< 0.01 for effects of ileal transposition (IT+) versus the control surgery (IT−), ^\$^ indicating *p* \< 0.01 for effect of diet relative to HF, and ^\#^ indicating *p* \< 0.05 for effect of diet relative to HF and HP.

Time until weight gain after surgery was significantly longer in IT+ than in IT− rats (*F*~1,45~ = 45.072, *p* \< 0.0001, Fig. [1c](#Fig1){ref-type="fig"}). Effect of diet (*F*~2,45~ = 6.112, *p* \< 0.01) was due to the shorter time until weight gain of HC rats (appr. 2 days) compared to HP and HF fed rats (appr. 4/5 days), although it only reached significance with HF rats (*p* \< 0.01). Total weight loss after surgery until start of weight regain (Fig. [1d](#Fig1){ref-type="fig"}) was higher in IT+ than IT− rats (*F*~1,45~ = 37.391, *p* \< 0.0001). Diet also affected weight loss (*F*~2,45~ = 7.568, *p* = 0.001), with HC feeding rats showing less weight loss than HP and HF feeding rats (*p* \< 0.05) at the lowest level of body weight after surgery. Body weight at sacrifice (see Table [2](#Tab2){ref-type="table"}) was lower in IT+ than IT− rats (*F*~1,45~ = 46.783, *p* \< 0.0001). Diet also affected body weight (*F*~2,45~ = 9.747, *p* \< 0.0001) with HP rats weighing less than HC rats (*p* \< 0.01).Table 2Effects of ileal transposition (IT+) and control surgery (IT−) in rats on a high-fat (HF), high-carbohydrate (HC), or a high-protein (HP) diet on body weight and carcass constituents. Main effects of surgery and diet are indicated with *p* values or with non significance (ns). Lean body mass effects were not assessed with ANOVA, because of lack of normal distribution. IT effects were tested separately in diet groups. Between-diet group could not be assessed (na) for lean body massDietHFHCHPMain effectSurgeryIT−IT+IT−IT+IT−IT+SurgeryDietDelta body weight (surgery-sacrifice) (g)71.23 ± 13.5513.43 ± 12.0978.23 ± 8.5929.21 ± 7.0033.92 ± 5.84-7.18 ± 9.04IT+ \< IT− *p* \< 0.0001HP \< HC, *p* \< 0.01Body weight at sacrifice (g)408.98 ± 18.06354.80 ± 16.02418.10 ± 13.13367.1 ± 11.84374.26 ± 6.82326.45 ± 9.60IT + \< IT− *p* \< 0.0001HP \< HC, *p* \< 0.01Total body fat (g)69.25 ± 6.7438.31 ± 5.9458.12 ± 6.6238.15 ± 3.8744.76 ± 3.5129.73 ± 3.14IT+ \< IT− *p* \< 0.0001HP \< HF, *p* \< 0.01Visceral fat (g) (mesenteric + omental)10.11 ± 1.185.48 ± 0.638.93 ± 0.916.44 ± 0.566.99 ± 0.424.55 ± 0.53IT+ \< IT− *p* \< 0.0001HP \< HF, *p* \< 0.05Abdominal fat (g) (epidydimal, midline, and retroperitoneal)23.99 ± 2.1913.40 ± 2.2420.61 ± 2.2213.61 ± 1.4715.50 ± 1.179.84 ± 1.20IT+ \< IT− *p* \< 0.0001HP \< HF, *p* \< 0.05Total abdominal fat (g)34.10 ± 3.3018.88 ± 2.8529.54 ± 3.0820.05 ± 2.0022.49 ± 1.5014.40 ± 1.72IT+ \< IT− *p* \< 0.0001HP \< HF/HC, *p* \< 0.05Subcutaneous fat (g)26.51 ± 3.2314.30 ± 2.7520.29 ± 3.5712.36 ± 1.6415.01 ± 2.3311.54 ± 1.60IT+ \< IT− *p* \< 0.0001HP \< HF, *p* \< 0.05Inguinal fat (g)8.64 ± 0.875.13 ± 0.698.30 ± 0.775.74 ± 0.617.26 ± 0.333.79 ± 0.35IT+ \< IT− *p* \< 0.0001nsLean body mass (g)296.66 ± 10.63292.10 ± 9.49321.78 ± 13.16302.34 ± 7.26299.34 ± 4.39278.28 ± 6.35IT+ \< IT− *p* \< 0.05 only in HP gr.naStomach1.19 ± 0.051.24 ± 0.051.22 ± 0.041.21 ± 0.041.20 ± 0.021.22 ± 0.03nsnsUpper duodenum segment (g)0.42 ± 0.030.60 ± 0.050.32 ± 0.020.53 ± 0.040.39 ± 0.020.67 ± 0.06IT+ \> IT− *p* \< 0.0001HP \> HC, *p* \< 0.05Lower duodenum segment (g)0.22 ± 0.020.24 ± 0.030.15 ± 0.030.24 ± 0.040.19 ± 0.020.26 ± 0.05IT+ \> IT− *p* \< 0.01nsTotal duodenum (g)0.64 ± 0.050.83 ± 0.070.46 ± 0.040.78 ± 0.040.58 ± 0.030.94 ± 0.08IT+ \> IT− *p* \< 0.0001nsTransposed segment (g)0.57 ± 0.122.10 ± 0.290.77 ± 0.261.80 ± 0.180.50 ± 0.061.60 ± 0.10IT + \> IT− *p* \< 0.0001nsJejunoileum (g)2.37 ± 0.183.75 ± 0.312.32 ± 0.243.34 ± 0.192.08 ± 0.103.66 ± 0.17IT+ \> IT− *p* \< 0.0001nsDistal ileum segment (g)0.36 ± 0.050.64 ± 0.060.42 ± 0.030.53 ± 0.050.40 ± 0.030.63 ± 0.04IT+ \> IT− *p* \< 0.0001nsTotal small intestine (g)3.95 ± 0.417.32 ± 0.733.97 ± 0.586.75 ± 0.413.55 ± 0.236.82 ± 0.01IT+ \> IT−r *p* \< 0.0001nsCecum and colon with content (g)3.95 ± 0.136.02 ± 0.505.23 ± 0.526.08 ± 0.344.70 ± 0.226.14 ± 0.41IT+ \> IT− *p* \< 0.01nsPancreas (g)1.24 ± 0.031.42 ± 0.091.24 ± 0.071.47 ± 0.041.36 ± 0.031.48 ± 0.07IT+ \> IT− *p* \< 0.0001nsKidneys (g)2.61 ± 0.132.42 ± 0.102.62 ± 0.112.51 ± 0.092.80 ± 0.092.48 ± 0.07IT+ \< IT−*p* \< 0.01nsLiver (g)12.61 ± 0.6913.22 ± 0.6814.37 ± 0.6414.52 ± 0.6713.41 ± 0.6112.39 ± 0.64nsns

Energy Intake {#Sec12}
-------------

Average daily energy intake (EI, Fig. [1b](#Fig1){ref-type="fig"}) before surgery was affected by diet (*F*~2,45~ = 46.3, *p* \< 0.0001), with highest EI in the HF rats 395.28 ± 5.39 kJ per day, followed by HC rats (375.77 ± 6.45 kJ, HF vs. HC *p* \< 0.001) and HP rats (341.87 ± 4.32 kJ, HP vs. HC and HF, *p* \< 0.001). Overall, IT+ rats had decreased EI compared to IT− rats (*F*~1,45~ = 45.8, *p* \< 0.0001) during 30 days post-operatively. During this period, diet also affected EI (*F*~2,45~ = 3.362, *p* \< 0.05); however, post hoc analysis showed no significance between the diet groups.

Dividing the post-operative 30-day interval into 10-day periods revealed that cumulative EI was lower in IT+ rats compared to IT− rats in the first (*F*~1,45~ = 63.309, *p* \< 0.0001), second (*F*~1,45~ = 23.535, *p* \< 0.0001), and third (*F*~1,45~ = 9.294, *p* \< 0.01) 10-day periods. Diet also affected EI in the first (*F*~2,45~ = 7.813, *p* \< 0.001) and second (*F*~2,45~ = 3.666, *p* \< 0.05) 10-day periods (with HC rats ingesting the most and HF rats ingesting the least), but not anymore during the third 10-day period. During the period of blood sampling (between days 40 and 50), IT+ rats had lower EI than IT− rats (*F*~1,42~ = 4.601, *p* \< 0.05), but again no effect of diet was observed (data not shown).

Energy Efficiency {#Sec13}
-----------------

Before surgery, diet affected energy efficiency (*F*~2,45~ = 5.240, *p* \< 0.05), with significantly lower values of HP rats compared to HF (*p* \< 0.01) and HC rats (*p* \< 0.05; see insert b in Fig. [2](#Fig2){ref-type="fig"}). After surgery, IT+ rats showed a large decrease in energy efficiency (Fig. [2a](#Fig2){ref-type="fig"}) during the first 10-day period post-operative compared to the IT− groups (*F*~1,45~ = 23.703, *p* \< 0.0001). The effect of diet (*F*~2,45~ = 5.364 *p* \< 0.008) was mainly due to lower energy efficiency levels of HF relative to HC and HP rats (*p* \< 0.05). During the second and third 10-day periods, IT+ showed similar energy efficiency as IT− in all different diet groups. During the third 10-day period diet affected energy efficiency (*F*~2,45~ = 7.590, *p* \< 0.001) with HP rats having significantly lower energy efficiency than HF rats (*p* \< 0.001).Fig. 2Effects of ileal transposition (IT+) and control surgery (IT−) in rats on a high-fat (HF; resp. *n* = 9, *n* = 8), high-carbohydrate (HC; resp. *n* = 9, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on energy efficiency in 10-day periods (panel **a**). The insert (**b**) shows baseline energy efficiency in rats on the three different diets. \* denotes significant difference relative to HC and HP (*p* \< 0.05), ^\$^ denotes significant difference (*p* \< 0.001) relative to HF. ^\#^ denotes significant different (*p* \< 0.05) relative to HC and HF

Gastrointestinal Hormone Levels {#Sec14}
-------------------------------

During baseline conditions (i.e., before meal exposure), IT+ rats had decreased plasma levels of insulin (*F*~1,44~ = 5.737, *p* = 0.021, panel g, with post hoc significance in HF feeding rats), and increased plasma levels of neurotensin (NT; *F*~1,44~ = 4.651, *p* = 0.037, panel j) and PYY (*F*~1,44~ = 14.650, *p* = \< 0.0001, panel m, with post hoc significance in HF and HC feeding rats).

Surgery and diet affected meal-induced excursions (AUC~0--60~) of plasma GIP (surgery *F*~1,44~ = 12.311, *p* = 0.001; diet *F*~2,44~ = 7.473, *p* = 0.002; panel b), plasma GLP-1 (surgery *F*~1,44~ = 23.632, *p* \< 0.0001; diet *F*~2,44~ = 3.409, *p* = 0.042; panel e), and plasma insulin (surgery *F*~1,44~ = 10.832, *p* = 0.002; diet *F*~2,44~ = 3.557, *p* = 0.037; panel h). AUC~0--60~ of plasma neurotensin (*F*~1,44~ = 33.187, *p* \< 0.0001, panel k) and PYY (*F*~1,44~ = 73.326, *p* \< 0.0001, panel n) were only affected by surgery. Post hoc analysis of AUC~0--60~ showed that IT+ decreased GIP (only in the HF group) and insulin (only in the HC group), and increased GLP-1, neurotensin, and PYY (IT+ vs. IT− *p* \< 0.05--*p* \< 0.001). Between-diet analysis showed overall decreased AUC~0--60~ responses of GIP in the HP diet group relative to both HC and HF diet groups. Decreased AUC~0--60~ of GLP-1 and increased insulin AUC~0--60~ was seen when comparing the HP diet group with the HC diet group.

Seventeen-hour post-ingestive plasma hormone levels showed an overall surgery effect, with IT+ rats showing elevated plasma GLP-1 (*F*~1,44~ = 4.603, *p* = 0.037, panel f), plasma neurotensin (*F*~1,44~ = 20.428, *p* \< 0.0001, panel l) and plasma PYY (*F*~1,44~ = 60.288, *p* \< 0.0001, panel o), and reduced plasma insulin (*F*~1,44~ = 5.470, *p* = 0.024, panel i). Post hoc analysis revealed increases in IT+ rats of plasma neurotensin and PYY in all diet groups; however, this was not the case for GLP-1 and insulin. No effect was found on 17-h post-ingestive levels of GIP (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on baseline hormone levels (panels **a**, **d**, **g**, **j**, **m**), incremental area under the curve responses over the course of 60 min (AUC~0--60~) during and following a meal (panels **b**, **e**, **h**, **k**, **n**), and 17-h post-ingestive levels (panels **c**, **f**, **i**, **l**, **o**). Level of significance of IT surgery within diet groups are depicted by \* (*p* \< 0.05), \*\* (*p* \< 0.01), or \*\*\* (*p* \< 0.001). Effects of diet between HP and HC groups are indicated by ^\$^ (*p* \< 0.05). Effects of diet between HP and HC and HP and HF are indicated by ^\#^ (*p* \< 0.05)

Body Composition (Table [2](#Tab2){ref-type="table"}) {#Sec15}
-----------------------------------------------------

IT+ resulted in lower adipose tissue pads in all assessed body regions (mesenteric fat content *F*~1,45~ = 34.097, *p* \< 0.0001, total abdominal fat content *F*~1,45~ = 35.459, *p* \< 0.0001, subcutaneous fat content *F*~1,45~ = 17.323, *p* \< 0.0001, inguinal fat content *F*~1,45~ = 46.155, *p* \< 0.0001; Table [2](#Tab2){ref-type="table"}), and an overall decreased body fat content (*F*~1,45~ = 33.670, *p* \< 0.0001) relative to IT− rats. Lean body mass (LBM) was not normally distributed across all groups, and we therefore analyzed the data separately per diet group (in which the data was normally distributed). IT+ rats had lower LBM relative to IT− rats only in the rats feeding a HP diet (*p* \< 0.003). Post hoc analysis showed a difference between IT+ and IT− rats feeding the HP and HF diet on all different adipose tissue contents (*p* \< 0.05--*p* \< 0.01), except for the inguinal region in the HP feeding rats. HP showed only a significant difference with the HC diet group in subcutaneous adipose fat content (*p* \< 0.05). Diet affected total body fat content (*F*~2,45~ = 4.619, *p* = 0.015), with highest levels in HF feeding rats and lowest in HP feeding rats (HF vs HP, *p* = 0.031).

All collected gastrointestinal tract parts showed increased wet weights after IT+ compared to IT−, with the exception of the stomach. Starting anatomically from the top, the upper duodenum and lower duodenum showed increased wet weights, resulting in higher wet weight of the total duodenum (*F*~1,45~ = 40.982, *p* \< 0.0001). The transposed segment, the jejunoileum, and lowest segment of the ileum showed higher wet weights (*F*~1,45~ = 75.864, *p* \< 0.0001; *F*~1,45~ = 32.944, *p* \< 0.0001 respectively), resulting in overall higher wet weight of the small intestine (*F*~1,45~ = 94.666, *p* \< 0.0001). Finally, IT+ resulted in increased wet weights of the cecum and colon (*F*~1,45~ = 27.423, *p* \< 0.0001). Between-diet analysis revealed that the HP group showed higher wet weight of the upper part of the duodenum compared to the HF group (*p* \< 0.05).

IT+ resulted in heavier pancreas weight (*F*~1,45~ = 15.667, *p* \< 0.0001), lighter kidney weight (*F*~1,45~ = 8.522, *p* \< 0.01) and no differences in liver weight, when compared to the IT− group. Diet had an effect on liver weight (*F*~2,45~ = 4.631, *p* \< 0.05). Detailed post hoc analysis of the adipose tissue content, wet weight of the gastrointestinal tract, and organs in the abdominal cavity are shown in Table [2](#Tab2){ref-type="table"}.

Regression Analysis {#Sec16}
-------------------

In the stepwise linear regression analysis, cumulative energy intake during the post-operative 30-day period was highly positively correlated to the observed body weight change after surgery and predicted its variation by 82.3% (*B* = 2.743, *R*^2^ = 0.823, *p* \< 0.0001). This model was improved significantly by diet to finally explain 86.0% of the variation in weight change following surgery.

We subsequently investigated whether gastrointestinal hormonal factors could be explained, in addition to the diet and surgery effects, by the variation (1) in energy intake over the course of the 30-day post-operative (recovery) period after surgery, or (2) the energy intake during the time of blood sampling. In most of the models, surgery type was the main factor explaining variation in the gut hormone levels at baseline, the AUC during/after a meal, and 17-h post-ingestive sampling point after start of feeding, without any significant contributions of energy intake. Only in the case of the post-ingestive 17-h PYY levels, the cumulative energy intake in the post-operative 30-day period significantly contributed to the factor "surgery" together explaining 61.3% of the variation in 17-h PYY levels (*B*~surgery~ = 18.209, *B*~energy\ intake~ = − 0.674, *R*^2^ = 0.613, *p* \< 0.001). Removal of surgery from the independence list still caused energy intake during the post-operative 30-day period to significantly explain 47.4% of the variation in 17-h PYY levels (*B*~energy\ intake~ = − 1.392. *R*^2^ = 0.474, *p* \< 0.001) in a negative direction (i.e., the higher the 17-h PYY levels, the lower the intake).

Discussion {#Sec17}
==========

In the present study, we confirmed that ileal transposition (IT+) in rats causes reduced energy intake \[[@CR2]\], augmented weight loss \[[@CR8]--[@CR10]\], and altered gut hormone responses to nutrients \[[@CR11], [@CR15], [@CR32]\]. The novel finding is that IT+ rats on the HP diet had lowest intake and highest surgery-induced weight loss among the different diets, and those on the HC diet had the highest intake and lowest weight loss. Apart from a transiently reduced energy efficiency during the first 10 days following IT+ surgery (which was most profound in the HF rats) compared to IT− surgery, energy efficiency became normalized again in IT+ rats, and non-distinguishable from IT− rats. This suggests that the primary mechanism for weight loss and reduced weight maintenance is energy intake driven. The fact that energy intake was the main driving factor for differences in body weight between IT+ and IT− rats was also shown by the regression analysis, in which 82.3% of the weight change was explained by energy intake alone, without further contribution of the factor "surgery" to this regression model.

Immediately following IT+ as well as IT− surgery, energy intake and energy efficiency were lowest on the HF diet. This was somewhat of a surprise, since the HF diet was ingested the most of all diets before surgery, and that is consistent with other studies \[[@CR33], [@CR34]\]. Dietary fat causes low-grade gastrointestinal inflammation in rats \[[@CR35], [@CR36]\] and in humans \[[@CR37], [@CR38]\], which is diffused by a layer of visceral fat \[[@CR39]\]. It may be speculated that loss of visceral fat shortly after surgery may compromise the endotoxemia barrier, which could then underlie higher sickness behavior after surgery in the HF feeding rats \[[@CR40]\]. In the case of the HC and HP diets, where fat content was 25% less than in the HF diet, such a problem may have occurred less. Towards the later stage of the study, however, HF feeding rats caught up and surpassed body weight of HP feeding rats, and in fact had the highest fat deposition at every fat pad studied on the day of sacrifice.

The transposed ileal segments of IT+ rats obviously contained a large number of PYY, GLP-1, and oxyntomodulin secreting endocrine L cells, witnessed by higher levels of these anorexigenic gut hormones. The enterotropic effects seen in several gut segments in response to IT+ most likely results from increased secretion of glucagon-like peptide 2 (GLP-2). Although we did not measure this hormone, its levels would be expected to be increased as it is co-produced with GLP-1 from proglucagon and is the only enteric hormone known to have marked growth effects on the small bowel mucosa \[[@CR41]\]. Additionally, we noticed that IT+ rats also had heavier pancreas weights, which was probably due to an increase in exocrine parenchyma caused by higher levels of CCK \[[@CR42]\]. Although we did not assess CCK profiles, levels of CCK appear to be upregulated by bariatric surgeries \[[@CR43]\].

Apart from the finding that meal-induced levels of PYY, GLP-1 and Neurotensin were elevated by IT, we did not observe major differences between-diet groups in these gut hormone responses. The relative dietary increases of macronutrients in the present study (50% versus 25%) were apparently too small to find (meal-induced) differences in gut hormone responses comparable to those that were reported in other studies using macronutrient-enriched diets \[[@CR15], [@CR26], [@CR44]--[@CR47]\]. Additional regression analysis showed that "surgery-type" (but not "diet-type") and 30-day post-operative cumulative energy intake highly explained variation in 17-h post-ingestive PYY levels. When "surgery-type" was taken out of the model, the 17-h post-ingestive PYY level was negatively correlated to 30-day cumulative energy intake and explaining 47.4% of its variation. While our data seem to be in line with the fact that PYY is implicated in the long-term regulation of body weight and energy intake in rodents \[[@CR48], [@CR49]\] and humans \[[@CR50]\], such a relation between food intake and PYY levels was not observed in the period during the actual blood sampling phase (between day 40 and 50, when rats were weight stable). Because PYY is an anorexigenic gut hormone, one explanation is that the 17-h post-ingestive PYY level during weight stability could be regarded as a unique signature of rats that -on top of the effect of IT surgery- was already present in the phase right after surgery. While this hypothesis should be tested in future studies, it may be of additional interest to investigate whether or not post-ingestive PYY levels could serve as a marker of weight change directly after surgery. A more general role for PYY in weight regain is consistent with the fact that high levels of PYY predict lower weight and appetite regain in patients that recover from weight loss associated with tuberculosis \[[@CR51]\]. Although the PYY3--36 amide form is the predominant circulating form \[[@CR52]\] as well as the only form that reliably reduces energy intake \[[@CR53]\], one point of caution here is the fact that the assay used in this study did not discriminate between PYY1--36 and PYY3--36 amidated forms.

During the pre-surgical period the HP diet was eaten in the least amount, causing lowest weight gain among diet groups. Like fats, proteins have also been hypothesized to activate the ileal brake \[[@CR23], [@CR54]\], but high-protein diets may be more satiating than HF diets or HC diets \[[@CR17], [@CR20], [@CR55], [@CR56]\]. Diets in the current study contained casein, a dairy protein, which has been shown to reduce energy intake in rats \[[@CR57], [@CR58]\] due to increased satiety \[[@CR17], [@CR57], [@CR59]\] rather than low palatability \[[@CR58], [@CR60]\] or taste aversion \[[@CR61]\]. After IT surgery, however, the extent of weight loss and length of the weight loss period of the HP rats were less than those of HF rats. A lowest level of energy efficiency was nevertheless found in HP feeding rats towards the end of the post-surgery (recovery) phase (days 20--30), indicating that protein exerted a long-term stimulatory effect on metabolism. Perhaps as a result of this, IT+ rats feeding a HP diet had the least amount of body fat at the end of the study, and this was associated with a reduction in lean mass. At present, we do not have an explanation for this effect, but it seems consistent with other bariatric data \[[@CR62]\]. If any, we may rule out alteration in gut hormone responses contributing to these protein-mediated reductions in body fat and lean mass following IT surgery.

A point that deserves attention is the fact that we offered the diets liquified. Rats and humans consume more of a liquid diet than that of a solid one \[[@CR63], [@CR64]\]. After surgery (both after IT+ and IT-) HC rats ate the most, suggesting that a weaker activation of ileal brake or faster recovery from surgery with a diet containing more carbohydrates. The energy efficiency values are also in line with faster recovery, since HC control rats had positive energy efficiencies even immediately after surgery, resulting in a shorter recovery period with less weight loss. Even though HC transposed animals had negative energy efficiency in the first 10 days, they recovered faster and lost less weight than HF and even HP transposed animals. The carbohydrate fraction of the diet consisted of 40% sucrose, thus probably giving the animals a very appealing taste. Rats have been shown to consume significantly more calories (compared to standard diet) if offered a high-sucrose or high-fat/high-sugar (cafeteria) diet \[[@CR65]--[@CR67]\]. Both in rats \[[@CR68]\] and in humans, sucrose sweetened beverages have been shown to be more obesogenic than other types of beverages \[[@CR69]\] and liquid diet as solid food replacement \[[@CR70], [@CR71]\] blunt the natural post-prandial decline of hunger, increase subsequent food intake, and potentially represent a risk for exaggerated positive energy balance in humans and in rats \[[@CR72]\].

In summary, we showed that IT caused transient body weight loss, which was the least in HC feeding rats, and highest in HF and HP feeding rats. Energy efficiency dropped immediately after surgery but normalized after 10 days post-surgery, not contributing significantly to differences in weight change between IT+ and IT− rats. Regression analysis showed that energy intake alone predicted body weight changes by more than 80%, which was certainly influenced by surgery type and to a lesser degree by diet. Post-ingestive PYY levels explained reduced post-surgery weight change by 47% irrespective of IT. Our data imply that ingesting a HP diet is most effective to support body weight loss and avoid body fat regain after ileal transposition. The downside of the latter effect is that it appears to be associated with a loss of lean body mass.

Appendix {#Sec18}
========

Fig. 4Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on plasma GIP levels before (0) and during/after (15 min, 30 min, 45 min, 60 min) a meal

Fig. 5Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on plasma GLP-1 levels before (0) and during/after (15 min, 30 min, 45 min, 60 min) a meal

Fig. 6Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on plasma insulin levels before (0) and during/after (15 min, 30 min, 45 min, 60 min) a meal

Fig. 7Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on plasma neurotensin levels before (0) and during/after (15 min, 30 min, 45 min, 60 min) a meal

Fig. 8Effects of ileal transposition (IT+) and control surgery (IT−) in rats feeding a high-fat (HF; resp. *n* = 9, *n* = 8), a high-carbohydrate (HC; resp. *n* = 8, *n* = 8) or a high-protein (HP; resp. *n* = 8, *n* = 9) diet on plasma PYY levels before (0) and during/after (15 min, 30 min, 45 min, 60 min) a meal
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